Titanium dioxide/silver (TiO 2 /Ag) composite films were prepared by incorporating Ag in pores of mesoporous TiO 2 films using a photoreduction method. The Ag nanoparticle sizes were in a range of 4.36-38.56 nm. The TiO 2 /Ag composite films were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The TiO 2 and TiO 2 /Ag composite films were then sensitized by immersing in a 0.3 mM N719 dye solution and fabricated for conventional dye-sensitized solar cells (DSCs). J-V characteristics of the TiO 2 /Ag DSCs showed that the Ag nanoparticle size of 19.16 nm resulted in the short circuit current density and efficiency of 8.12 mA/cm 2 and 4.76%.
Introduction
Surface plasmon resonance induced by silver (Ag) nanoparticles leads to an increase in an absorption coefficient of dye in dye-sensitized solar cells (DSCs) [1] [2] [3] [4] [5] [6] . The effect has been theoretically described as an increase of local electromagnetic field nearby metal surfaces which is found when wavelengths of irradiation sources are correlated with the optical absorption of the surface plasmon resonance [7] [8] [9] [10] [11] . The modification of the surfaces for an enhancement of optical absorption, hence, provides a good method to improve efficiency of an optoelectronic device involving photon absorption [12] . Several methods for the fabrication of the silver nanoparticles were studied such as thermal evaporation of Ag islands on titanium dioxide (TiO 2 ) films [1] , magnetron sputtering of TiO 2 and Ag composite films [13] , electrochemical deposition of Ag by double pulse method on indium tin oxide (ITO) [14] , loading of Ag and silver chloride (AgCl) onto anatase TiO 2 nanotubes that were grown by a hydrothermal treatment [15] and loading of the Ag nanoparticles onto self-organized TiO 2 nanotube layers using photocatalytic reduction [16, 17] .
Wen et al. [1] generated the Ag island films by depositing the 3.3-6.0 nm-thick Ag nanoparticle layer on the TiO 2 film electrode using thermal evaporation and found a possibility of using plasmon resonance effect to enhance the efficiency of the DSCs, if the volume and structure of the Ag island films could be controlled and optimized. Ihara et al. [18] improved photoelectric conversion efficiency of their dyesensitized solar cells by using localized surface plasmon of the Ag nanoparticles (diameter of 12.5 nm) modified with polymer and reported that the efficiency of dye-sensitized solar cell with the Ag nanoparticles increased from 1.5% to 2.5% compared with the case with no Ag nanoparticles. Chen et al. [19] improved photovoltaic conversion efficiency about two times of standard P-25 DSCs. Chou et al. [20] prepared TiO 2 /Ag composite particles by dry particle-coating technique. The Ag particle size was bigger than 100 nm, and the TiO 2 /Ag composite particles were found to improve the efficiency of the DSCs because Schottky barrier exceeded that of the conventional DSCs. In this study, for a cost-effective process, we prepared the Ag nanoparticles with sizes in a range of 4.36-38.56 nm using a photoreduction method. The Ag nanoparticles were deposited onto the mesoporous anatase TiO 2 electrode with worm-like pores. The Ag nanoparticles were incorporated thoroughly into the pores of the mesoporous TiO 2 film electrode [21] [22] [23] [24] . The effect of the Ag nanoparticle size on the efficiency enhancement of dye-sensitized solar cells was investigated. The optimum DSC in this study showed a maximum efficiency of 4.76%. Although the 5.45% efficiency by using a similar material (TiO 2 /Ag/DSC) has been showed in 2007 by Ramasamy et al. [25] , this is the first time that the effect of Ag particle sizes is carefully investigated.
Materials and Methods

The Preparation of Mesoporous TiO 2
Electrodes. The TiO 2 electrodes were screen printed from a TiO 2 paste (Dyesol) 3 times on a fluorine-doped tin oxide (FTO) glass substrate (2 × 3 cm 2 in size). A 200 mesh was used to obtain a TiO 2 layer with area of 0.5 × 1.2 cm 2 and a thickness of approximately 13.8 μm (see Figure 1) . In order to avoid contamination on the fresh film, screen printing was performed in a clean-room environment. After drying at 55
• C for 30 minutes, the electrodes were sintered at 450
• C for 30 minutes, and then cooled down to room temperature. The electrodes were immersed in a 3 × 10 −4 M of N719 dye solution, namely, cis-diisothiocyanato-bis(2,2-bipyridyl-4,4-dicarboxylatoe) ruthenium (II)bis (tetrabutylammonium) in absolute ethanol for 24 hours. The excess dye was removed from the electrode by rinsing with ethanol. FTO glass with 0.5 × 1.2 cm 2 TiO 2 films was immersed in the 0.1 M AgNO 3 solution for five seconds, then rinsed with DI water and dried in a N 2 stream. The films were then exposed to a UV irradiation at λ = 254 nm using a Spectroline CM-10 Fluorescence Analysis Cabinet at an intensity of ∼0.31 mW/cm 2 . We designed the experiment to vary exposure times for 5, 10, 15, 20, 30, 60, 90, 120, 150, 180 , and 240 minutes for the photocatalytic reduction of Ag + to the metallic Ag nanoparticles. Finally, the TiO 2 /Ag electrodes were immersed in dye solution for 24 hours and prepared for dye-sensitized solar cells.
The Synthesis of Mesoporous TiO
The Preparation of Pt Counter Electrodes.
The counter electrodes were prepared by screen printing a thin layer of platinum (Pt) with a size of 0.5 × 1.2 cm 2 using a platinum paste (Dyesol), on an FTO glass substrate (2 × 3 cm 2 ), and then sintered at 450
• C for 30 minutes.
DSC Fabrication.
A sandwich-type cell [26] 
Measurements.
Optical absorption spectra of the film electrode samples were measured using a UV-visible spectrophotometer (Jasco model: V-530). In order to observe the microstructure and elemental analysis of the obtained Ag nanoparticles, the Ag nanoparticles were prepared on carbon-coated copper grids for observations by transmission electron microscopy (TEM JEOL model JSM-2010). The Xray diffraction (XRD JEOL-300) patterns were obtained by analyzing the Ag/TiO 2 films on the glass substrates. Scanning electron microscope (SEM JEOL model: JSM-6301 F) was employed to record cross-sectional micrographs of the Ag/TiO 2 films. J-V measurements were performed under a 450 W xenon light source which is able to provide 1000 W·m −2 sunlight equivalent irradiation (AM 1.5), using Keithley digital source meter (Model 2400) under the illuminated condition. paste and calcination at 450
Results and Discussion
Morphology of the TiO
• C for 30 minutes. A thickness measured using SEM is approximately 13.8 μm as shown in Figure 1 (in agreement with [27] [28] [29] [30] ).
The TiO 2 films were loaded with the Ag nanoparticles using the AgNO 3 soaking and the UV illumination treatment described in the experimental part 2.2. After the films were irradiated by the UV light, they turned brownish grey in a few minutes due to photocatalytic reduction of Ag + to Ag [31] . The Ag nanoparticles on the TiO 2 particles were not readily observed by the SEM (Figure 2 ). However, The TiO 2 /Ag composite films were characterized using energy dispersive X-Ray spectroscopy (EDX) technique attached to the SEM. We found that the peaks of the Ag nanoparticles were present (Figure 2 ), suggesting the presence of the Ag nanoparticles on surface of the TiO 2 films. Figure 3 (a) shows a TEM micrograph of the TiO 2 nanoparticles from the TiO 2 films before immersion in the AgNO 3 solution. We found that the TiO 2 nanoparticles were nanorods and the lengths were approximately 25 nm. the photocatalytic reduction of the Ag + to the Ag metal in the form of the Ag nanoparticles where electrons were provided by water [17, 31] .
The Effect of the Ag Nanoparticle Size on Optical Absorption Spectra.
The absorption spectrum of the Ag nanoparticles exhibits the surface plasmon peak at approximately 400 nm on the broad band [32] . Optical absorption spectra can be theoretically calculated using Mie's theory. When the particles having diameter (R) are suspended in a medium with the dielectric constant (ε m ), the dipolar absorption efficiency (Q abs ) is given by
International Journal of Photoenergy where λ is a wavelength of the incoming light in the medium, and ε (ω) and ε (ω) represent the real and imaginary parts of the dielectric function, ε(ω), respectively, [ε(ω) = ε (ω) + ε (ω)]. Thus, the absorption efficiency of particles is a function of the dielectric constant of the metal, that of medium and the size of the particle. From (1), the Mie's theory only successfully explains the absorption band for metallic nanoparticles in visible range, and,for radius less than 5 nm, the width of the surface plasmon peak increases linearly with the reciprocal of the radius [32, 33] . On the other hand, the width of the surface plasmon peak increases with an increase in the radius in the range larger than 10 nm, because of inhomogeneous polarization of the particles in the electromagnetic field of the incoming light due to excitation of a different multiple modes which makes a peak in the spectrum at a different energy [32, 34] . Figure 6(a) shows optical absorption spectra of the Ag nanoparticles films indicating an increase in wavelength (red shifted) with an increase in the diameters of the Ag nanoparticles because the width of the surface plasmon peak increases. Figure 6 (b) shows the absorption peak of the Ag/N719 dye film, it is found that the Ag 19.16 nm/N719dye film has a maximum peak width or red shift due to the surface plasmon resonance of the silver particles contributing to the absorption coefficient of the dye. The absorption of the Rudye can occur via the metal-ligand charge-transfer transition (MLCT), t 2 → π * MLCT transitions in the absorption maximum at 396 and 534 nm, and π → π * intraligand transition in the UV [35] . Thus, both the surface Plasmon resonance absorption of Ag nanoparticles and the Ru-dye absorption for MLCT transition contributed to the total absorption.
The Effect of the Ag Nanoparticle Size on Efficiency of the DSCs.
Parameters extracted from J-V characteristics, for example, Figure 8 , of the TiO 2 /Ag composite film electrode DSCs are shown in Table 1 . The Ag nanoparticles of the average size of 19.16 nm (3.59 ± 0.50 weight % of Ag nanoparticles in the TiO 2 /Ag composite) were found to result in the maximum value of short circuit current density of 8.12 mA/cm 2 .
As shown in Table 1 is found to improve J SC , FF, and efficiency because of an optimum electromagnetic field introduced by the silver plasmon resonance that enhances the optical absorption of the dye [2, 3, 36] . The other possible reason is that the Ag nanoparticles have a catalytic effect that increases the reaction rate between the semiconductor, dye, and the redox electrolyte and/or the internal photoemission from the Ag nanoparticles increases the photocurrent [1, 3, 36] . However, the dye-sensitized solar cells which were prepared from the TiO 2 /Ag electrodes with the Ag nanoparticle sizes bigger than 19.16 nm have low values of the J SC . It is believed that with the Ag particle sizes bigger than 19.16 nm, Schottky barriers formed at the TiO 2 /Ag contacts become dominant and retard electron transport in the conduction bands [1, 3, 37, 38] . [19] with the J SC of 11.53 mA/cm 2 , the best DSC in this study has a lower value of J SC . The high value of J SC in the Ag nanowire DSCs has been reported to be due to metal network formation by adding Ag nanowires to improve the production and transportation of photon-generated current [39] . However the V OC , FF, and efficiency values of the Ag nanowire DSCs are not higher than the best value reported in this study. When compared with the reported DSCs with the Ag nanoparticle size of around 100 nm [20] , the values of J SC , V OC , FF and Efficiency follow a decreasing trend after the maximum values because the Schottky barriers formed at the TiO 2 /Ag contact retarding electron transport in conduction bands [1, 3] . Therefore, the Ag nanoparticles size of 19.16 nm prepared in this study is an appropriate size to improve J SC of the DSCs. Figure 8 shows the J-V characteristics of the DSCs before and after improvement by the intercalation of the Ag nanoparticles into the TiO 2 electrodes. The optimum size of the Ag nanoparticle of 19.16 nm was found to give the maximum J SC and the maximum efficiency of the DSCs. The intercalation of the Ag nanoparticles to the TiO 2 layer has been shown not to significantly affect values of V OC , Figure 7 , International Journal of Photoenergy 7 because the V OC is determined by the redox potential and the Fermi energy of semiconductors [1, 36] , which do not change significantly with the change in size of the Ag nanoparticles. Figure 9 shows the short-term stability of the dyesensitized solar cells which were kept in an ambient atmosphere. The J-V characteristics of dye-sensitized solar cell using the Ag nanoparticle size of 19.16 nm on the TiO 2 electrode were measured at 24 h interval. It was found that the efficiency of the dye-sensitized solar cells was slightly enhanced in the first 3 days because of the increases in V OC and FF increase. However, from the 4th day, the efficiency of dyesensitized of solar cells began to decrease because of the decrease in short circuit current density. This could be due to the instability of the Ag nanoparticles in the I − /I 3 − redox electrolyte [1] .
Conclusion
The DSCs composed of mesoporous TiO 2 films, N719 Ru dye and the redox of I − /I 3 − were prepared and improved by the intercalation of the Ag nanoparticles into the TiO 2 electrodes by photoreduction method. The Ag nanoparticles were face centered cubic and varied in size in the range of 4.36-38.65 nm. The TiO 2 /Ag composite films were characterized by XRD, SEM, TEM and UV-Vis Spectrophotometer. The optimum size of the Ag nanoparticles was 19.16 nm giving the maximum J SC and efficiency of 8.12 mA/cm 2 and 4.76%, respectively.
